Abstract. Two-dimensional (2D) materials beyond graphene have recently attracted much attention due to the potential applications in electronic and optoelectronic devices. Herein, we report the synthesis and characterization of 2D single crystalline molybdenum carbide (Mo 2 C) with large surface area. Conductivity properties of 2D Mo 2 C are measured in detail with field effect transistor. The result shows a good property with a high conductivity up to 10 4 S/m, which expects the potential application of 2D Mo 2 C thin film in electrochemical and catalytic electrodes.
Introduction
From the motivation of the discovery of graphene, new two-dimensional materials (2DMs), including transition metal dichalcogenides (TMDCs), transition metal dioxides (TMDOs) and hexagonal boron nitride (hBN), etc., attract extensive attention on different optical, electrical and thermal properties [1] [2] [3] [4] . Currently, 2DMs are intensively studied as alternative object to graphene-based materials [5, 6] , which shows unique physico-chemical properties, especially associated to excellent electronic and opto-electronic properties [7, 8] . As one of the most important members of 2DMs' family, transition metal carbides (TMCs) coordinate the prominent properties of ceramics and metals because of its specific structure of carbon atoms embedded into the metal lattice [9, 10] . Among TMCs, molybdenum carbide (Mo 2 C) is being broadly explored as catalyst, super and thermal conductors due to its chemical activity and specific energy band structure [11, 12] . For example, Tao Wang et al. study the role of hydrogen on the morphology of orthorhombic Mo 2 C catalyst in conjugations with hydro-treating activity [13] . Graphene-Mo 2 C composite material is a highly active and stable electro-catalyst for hydrogen evolution reaction [14] . To be similar physico-chemical property to precious metal, Mo 2 C is investigated as an potential material for highly selective CO 2 reduction to CO [15] . Mo 2 C is considered to be an ideal candidate electrode material with desirable electro-chemical properties, such as large capacity, high stability and mobility. Qilong Sun et al. proof that Mo 2 C shows the suitability of Mo 2 C for being used as anodes of lithium-ion and sodium-ion battery through first-principles calculations [16] . Until now, the report about its electrical conductivity is rare due to the synthesis of high-quality and large area Mo 2 C crystal is still challenged, which is critical process to obtain the original properties of Mo 2 C.
Up to date, many methods are used for preparing TMCs, including exfoliate MAX layered phases and gas reduction [17] [18] [19] . Michael present that MAX phases M 4 AX 3 etc., 'M' is an early transition metal, 'A' is an A group (mostly groups 13 and 14) element, and 'X' is C or N [17] . Such as Ti 2 AlC is developed to prepare Ti 2 C. Dang et al. report a simple method of CO gas reducing MoO 3 to prepare Mo 2 C [18] . Chuan Xu et al. apply CVD to prepare large-scale Mo 2 C by modified CVD from methane on a bilayer substrate of copper foil sitting on a molybdenum foil [19, 20] . Herein, we present a chemical vapor deposition (CVD) process to synthesize large-area Mo 2 C crystal with lateral scale up to tens of micrometers and thickness down to 20 nm. To cause different electrical conductivity with different gate voltage, it can be used for improving the electric structure. In this report, field effect transistor (FET) is built up base on as-synthesized Mo 2 C crystal to explore the transport property intensively, showing a good electronic mobility of 10 4 S/m and ideally suits for potential applications in electrode material. By preparing a large area of high-quality Mo 2 C, we can more effectively study the catalytic and thermoelectric properties of Mo 2 C in the future.
Results and Discussion
Mo 2 C is grown by CVD on Cu/Mo foil substrate, as shown in Fig. 1a . Cu/Mo is used as substrate and CH 4 served for carbon source. In the initial stage, Cu foil is melted under high growth temperature and Mo-Cu alloy is formed at the liquid Cu/Mo interface. Subsequently, Mo atoms diffuse from the Cu/Mo interface to the surface of the liquid Cu to form Mo 2 C crystals by reacting with the carbon atoms from the decomposition of methane. The sizes of obtained 2D-crystals are ranged from several to tens of micrometers. Some hexagonal images also exhibit small domains of few layers Mo 2 C. Similar to CVD grown MoS 2 and MoSe 2 islands, a quasi-continuous film can be formed just as shown in Fig. 1b and 1c . The thickness of as-grown hexagonal structure is measured by atomic force microscopy. A typical AFM topographic image of Mo 2 C is shown in Fig. 1d , and its thickness is about 20.9 nm (the inset of Fig. 1d ). The homogeneity of domain-to-domain and film thickness is evidenced by optical micrographs (Fig. 1c and 1d) . The perk of Mo 2 C is fitting for JCPDS 35-0787.
The crystal structure of the CVD grown Mo 2 C is characterized using transmission electron microscopy (TEM) after Mo 2 C sample is transferred to a copper grid in Fig. 3a . It's clear to see that the Mo 2 C sample surface is very flat with Mo and C atoms evenly distribute in Fig. 3b and 3c . The continuity of the transferred Mo 2 C (Fig. 4a and 4b) indicate that the high quality of the grown sample shows a low-magnification dark-field (HAADF)-STEM image of a hexagonal 2D Mo 2 C crystal. To further identify the structure of 2D crystal, we tilt the sample at a series of angles and record the corresponding zone axis selective area electron diffraction (SAED) patterns and convergent beam electron diffraction patterns. At the same time, the elemental composition and chemical bonding in the Mo 2 C sample is examined by X-ray photoelectron spectroscopy (XPS). Four elements are presented in the spectra acquired (an example is reported in Fig. 5a ): Mo and C are from the Mo 2 C, as well as Si and O are from the SiO 2 substrate. Mo 3d core level peak are located at 228.3 eV, while the peak of C 1s is located around 284.5 eV. From the high-resolution spectrum in Fig. 5b, the [21] . The former corresponds to Mo2+ belong to Mo-C, the latter corresponds to Mo6+ belongs to Mo-O which may due to slow and slight oxidation of sample surface as exposed to air. The binding energy of C1s set as 284.77 eV, 285.98 eV, 289.05 eV in Fig. 5c . The binding energy of Mo-C and C-C are corresponding to 284.77 eV and 285.98 eV respectively [22] . The 289.05 eV corresponds to Mo-O [23] , which indicates that Mo is much easier to be oxidized than carbon. By testing the electrical performance at low temperatures, Chuan Xu et al. get the zero-resistance characteristic of ultrathin Mo 2 C crystalline [19] . In this paper, to evaluate the transport property of material, FET device is fabricated to investigate the electrical performance of as-grown 2D Mo 2 C in Fig. 6a . The Fig. 6b shows a typical optical micrograph of the fabricated device with a channel length of ~5 µm. While V g is 0V, a typical electrical performance data of Mo 2 C device is presented in Fig. 6c . The I-V curves exhibit a good Ohmic contact between the channel and the Au electrodes. From the data, the resistance is found to be about 10 3 Ohm. It can be seen that Mo 2 C reveals nice conductivity. It is worth emphasizing that the electrical conductivity of 2D Mo 2 C is higher than that of CVD graphene. Fig. 6d shows the typical dependence of its resistivity on gate voltage V g . With the decrease of V g , the resistance of the device is getting smaller and smaller due to a small overlap (δ ε ) between conductance and valence bands. The gate voltage induces a surface charge density and shifts the position of the Fermi energy (ε F ). On the other hand, the conductivity is calculated by the formula R=
, where t is the sheet thickness and ρ = 1/δ is the resistivity, δ being the d.c. conductivity. For example, when V g is 20V, R is about 1430 Ohm, L/W is about 3/4, we can calculate that conductivity (δ) is close to 25000 s/m. Through first-principles density functional calculations, it is found that the electrical conductivity is predicted in the order of 10 6 S/m and the maximum thermal expansion coefficient is determined below 3.65×10 -6 K -1 in the entire range of temperatures up to 800 K [24] . It shows that it is a potential electronic thermoelectric material. In a word, to research physical properties, controllable growth Mo 2 C has very important significance.
Conclusion
In conclusion, large area thin Mo 2 C single crystalline films is grown by CVD method. The topography and thickness of grown hexagon are measured by atomic force microscopy, indicating a very flat surface and the typical thickness is around 20 nm. HAADF-STEM images of ultrathin Mo 2 C crystals shows that Mo and C are uniformly distributed across the whole sheet. FET device is used to evaluate the electrical performance of material. From the result, the δ approach to 10 4 s/m. The high electronic conductivity indacates 2D Mo 2 C film is possible to be used as suitable electrodes material with desirable electrochemical properties.
Methods
Growth of Mo 2 C. To synthesize Mo 2 C crystal, CVD method has been developed. A Cu foil (Alfa Aesar, 99.99% purity, 25 µm thick) is cut into 10×10 mm 2 pieces and placed on the top of the same size Mo foil (Alfa Aesar, 99.95% purity, 100 µm thick). They are placed in a quartz tube of outer diameter 25 mm and inner diameter 22 mm for ultrathin Mo 2 C crystals substrate. The furnace temperature is raised up to above 1085 ℃ under H 2 (200 sccm) and CH 4 (0.3 sccm). After growth, the sample is removed from high-temperature zone after furnace cooling.
